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In this paper a new method for developing a realistic model of any type of solar cell is
presented. Taking into account the high cost of research and experimentation involved with
the development of advanced cells, we present here this novel methodology. In our opinion,
the introduction of this modeling technique to the photovoltaic community will prove to be of
great importance in aiding in the design and development of advanced solar cells. Two models
of a single GaAs and an InGaP/GaAs/Ge multi-junction solar cell are prepared and are fully
simulated. The major stages of the process are explained and the simulation results are
compared to published experimental data to demonstrate the accurate results produced by the
model utilizing this technique. The flexibility of the proposed methodology is illustrated and
example results are shown throughout the whole process, demonstrating some of the different
parameters effects on the model performance.
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The Silvaco software package is a simulation software tool targeting the area of
electronic design [1]. One of its major products is the virtual wafer fabrication
package (VWF). This is a large suite of highly sophisticated tools that aid in the
design and development of all types of semiconductor and VLSI devices. Such types
range from simple bipolar transistors to EEPROMs. The phenomena modeled start
from simple electrical conductivity and extend to thermal analysis, radiation, laser
effects, etc. A big variety of detailed layer growth processes and material properties
(mobilities, recombination parameters, ionization coefficients, optical parameters,
etc) add to the accuracy of the simulation. The Silvaco software is capable and has
been used to model GaAs and InP transistors and devices. All these capabilities are
vital in the design and fabrications of state-of-the-art-solar cells. Even though circuit
modeling of solar cells is popular [2], however, we have not seen any effort from
researchers in the photovoltaic field, or from solar cell manufacturers, to utilize thisFig. 1. AM0 (blue) and AM1.5 (red) solar spectrum.
Fig. 2. A typical mesh for the solar cell model.
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this presentation, our successful efforts in developing single and multi-junction solar
cell models are introduced.2. The virtual cell modeling process
Even though any type of solar spectrum and photon concentration can easily be
specified and used, for the purposes of this paper, a standard 1 sun AM0 as shown in
Fig. 1, will be used as an example light source to illuminate the cell models developed
using the SILVACO/ATLAS package. In order to model and build a state-of-the-art
multi-junction cell, it was necessary to start with individual simple cells of well-
known characteristics, and established performances to verify the accuracy and
capability of this technique. That way, their efficiency could be optimized and their
performance characteristics could be compared to the results reported in the
literature [3–5].
The first step in modeling the device is specifying the mesh on which the device will
be constructed, (Fig. 2). This can be 2D or 3D and can be comprised of many
different sections. Orthogonal and cylindrical coordinate systems are available.
Several constant or variable densities can be specified while scaling and automatic
mesh relaxation can also be used. This way, a number of minimum triangles are
created; this determines the resolution of the simulation. Following this step, and
similar to the actual processes during the fabrication of a solar cell, only the p–n
junction was built on the substrate using the proper doping concentration of theFig. 3. Electrons concentration under AM0.
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cell efficiency, was then added and the improvement on the device performance was
observed. Buffer and window layers along with the metal grid and contacts were the
final additions to the individual simple cells. The corresponding typical ATLAS cell
models are shown in Figs. 3 and 4, illustrating electron and hole concentrations,
respectively, in the depletion region below the metal contacts of an illuminated GaAs
example cell model under short circuit conditions. While Fig. 5 depicts the photo-
generation that occurred in this cell under the same conditions, the depletion region
and the BSF fields for the same cell are displayed in Figs. 6 and 7 respectively. All
these figures of the 2D GaAs model are very illustrative producing snapshots of theFig. 4. Holes concentration under AM0.
Fig. 5. Phtogeneration under AM0 for a GaAs sample cell.
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Fig. 6. Depletion region field in GaAs cell.
Fig. 7. BSF layer field in GaAs cell.
S. Michael / Solar Energy Materials & Solar Cells 87 (2005) 771–784 775structure, and how various parameters are distributed throughout its area provides a
very valuable insight. Such parameters include potential, electron and hole
concentrations, electron and hole current densities, photogeneration rates and
electrostatic fields. Using the data generated by the illuminated model, short-circuit
currents and open-circuit voltages were obtained. I–V curves and spectral responses
were also produced from the model under AM0 and plotted. Dark current plots of
the model were found to correspond to that of previously reported data [6].
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Fig. 8. The IV characteristics of individual cells.
S. Michael / Solar Energy Materials & Solar Cells 87 (2005) 771–784776Several other single junction example cells were designed and modeled, and their
performance was also found to accurately resemble that of actual cell [7]. Fig. 8,
shows a comparison of the generated I–V characteristics of three individual cells, a
Ge, a GaAs and an InGaP cell produced by the Silvaco model under AM0 spectrum
illumination. The results compared favorably with corresponding experimental data
for similar devices using the same parameters [8].3. The InGaP/GaAs/Ge Triple-junction cell model
The Model of the multi-junction cell selected to be constructed using the Silvaco’s
VWF software is the triple-junction one currently built by Spectrolab INC, and
shown in Fig. 9. The initial model was constructed with three stacked Ge, GaAs, and
InGaP cells [3]. These cells were first developed and tested individually as described
before. The three cells were next placed in a mechanically stacked configuration. The
spectral responses of the individual cells and those of the stack are shown in Fig. 10.
The shadowing of the lower (GaAs, Ge) cells can be observed as depicted in Fig. 11,
while the potential field build-up for the different layers of the stacked cell is shown
in Fig. 12.
Two Tunnel junctions were also implemented and placed between each of the
three cells. This resulted in the actual virtual fabrication of the entire multi-junction
configuration, that was previously illustrated in Fig. 9 and described in Refs. [3,8].
The photogeneration rate for different wavelengths of the AM0 spectrum for the
entire structure is presented in Fig. 13, while the spectral response of the overall
multi-junction structure is displayed in Fig. 14. As a final step, anti-reflective coating
(ARC) and golden contacts were added. The bottom contact was polished to reflect






























Fig. 9. 3D layout of the triple-junction model.
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The performance and results produced from the virtually fabricated MJ model,
are very similar to those published in Ref. [3] as well as in many other papers [4–6].
The results are also comparable to experimental data of similar manufactured
cells. Minor differences are only due to the variations in the material and
optical parameters used. If needed, those can easily be tuned to reflect experimental
results more accurately. The expected generated I–V characteristics can be seen in
Fig. 15, and demonstrate the close comparison to the experimental results of the
Spectrolab MJ cell [3]. Modeling of electron diffusion length has also been accurately
verified [9].
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Fig. 11. Shadowing of photons in three mechanically stacked cells.
S. Michael / Solar Energy Materials & Solar Cells 87 (2005) 771–784778This modeling technique was also very successful in developing other types of
photovoltaic devices from CIGS to thermophotovoltaics [10,11]. New wide-bandgap
materials were used to design cells for different special applications. Furthermore, we
have currently succeeded in introducing radiation effects in single junction models,
where displacement damage data were implemented, and the corresponding model
performance accurately mimicked experimental data [12].
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Fig. 12. Potential build-up in the different layers (expanded view of the full cell).
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To demonstrate the capability of this developed MJ model, an example of an
optimization process is presented. In order to maximize cell efficiency, a search for
the optimum cell layers thicknesses was conducted [13]. As expected, the results
demonstrated in Figs. 16–19 verified some of the parameters and data of current MJ
cell designs that were previously obtained through years of research, experimenta-
tion and fabrication. Effects of other cell parameters, such as doping level, different
bandgap materials and others were also researched. A detailed novel general
optimization approach using genetic algorithm for multi-junction cells design, along
with the development of a state-of the-art quad-junction cell is presented in another
publication [14].5. Conclusions
A new technique has been presented for modeling and developing multi-junction
solar cells. This is the first time the SILVACO/ATLAS software package has
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Fig. 13. Photogeneration rate in the MJ cell model for different wavelengths of the AM0 spectrum.
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Fig. 14. Spectral response of the MJ cell.
Voltage [V]








Fig. 15. Comparison of the MJ model generated IV characteristics with experimental results.
S. Michael / Solar Energy Materials & Solar Cells 87 (2005) 771–784 781been utilized in this research field. The developed models have demonstrated various
material parameter effects on many of the cell characteristics, e.g. doping levels of
different materials, thickness of different layers, etc. Simulation and modeling of
different bandgap material and compounds can also be incorporated, and currently
underway. In our opinion, the introduction of this modeling technique to the
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Fig. 16. Top cell short-circuit current vs. thickness.
Fig. 17. Bottom cell short-circuit current thickness. Vs. middle cell thickness.
Fig. 18. Middle cell short-circuit current vs. top and middle cell thickness.
S. Michael / Solar Energy Materials & Solar Cells 87 (2005) 771–784782photovoltaic community will prove to be of great importance in aiding in the
design, development and optimization of advanced state-of-the-art photovoltaic
cells.
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Fig 19. Total short-circuit current vs. top and middle cell thicknesses.
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